We indude in this review an assessment of the formation, environmental fate, and mammalian and ecotoxicity of CW agent degradation products relevant to environmental and occupational health.
In this review we address health issues related to chemical warfare (CW) agent disposal and stockpile destruction. Munro et al. (1) detailed the acute and chronic toxicity of the nerve agents tabun (ethyl N,N-dimethylphosphoroamidocyanidate; GA), sarin (isopropyl methylphosphonofluoridate; GB), and 0-ethyl S-[2-(diisopropylamino)ethyl]methylphosphonothioate (VX) . Earlier, Watson and Griffin (2) reviewed the acute and chronic toxicity of the vesicant agents with special emphasis on mustard carcinogenicity, and Munro et al. (3) evaluated nerve and blister agent antidote use, toxicity, and decontamination procedures in the context of civilian application.
During this era of CW agent demilitarization and deanup of sites and facilities associated with chemical agent production, testing, and storage, information on the properties and toxicity of CW agent degradation products is important for risk management in site operations and restorations. Although a variety of breakdown products and impurities have previously been documented, the significance to environmental and/or occupational health has not been established.
In this review we assemble the scattered and often fragmentary literature on environmental fate of the CW agents as well as what is presently known about the potential health effects and ecotoxicity of each agent's degradation products and contaminants. We have eliminated certain compounds from potential concern and focused attention on those with known significant environmental persistence and toxicity. With the exception of the sulfur mustards, most of the CW agents are not persistent in the environment because they are subject to a variety of abiotic and biotic degradation mechanisms. It is important to identify persistent and/or toxic chemical agent breakdown products to assist in cleanup processes and to ensure worker and public safety. We generally use "environmental persistence" to refer to the presence of compounds in soil; environmental persistence is moderate for compounds that may be stable for weeks to months and high for compounds that are stable for months to years. "Persistent compounds" are characterized by low vapor pressure, low water solubility, and low rates of natural abiotic and biologic degradation. Examples include polychlorinated biphenyls and dioxins; these compounds are not related to CW agents. However, compounds with moderate-to-high water solubility that are not readily degradable or subject to hydrolysis may persist in dry soil and/or leach into groundwater, where they persist for long periods.
Toxicity depends on the route of exposure. Relevant routes of exposure for CW agent breakdown products are oral, inhalation, and dermal. Compounds that are lethal to 50% of tested animals [median lethal dose (LD50) or median lethal concentration (LC50)] at < 50 mg/kg, < 50 mg/m3, and < 200 mg/kg after single exposures are considered highly acutely toxic by the oral, inhalation, and dermal routes, respectively (4) . Compounds with LD50 or LC50 values of 50-500 mg/kg, 50-500 mg/m3, and 200-500 mg/kg for the respective routes are considered moderately toxic, and compounds with values higher than these ranges are considered to be of a low order of toxicity. Toxic values for chronic exposures by the respective categories and routes of exposure are generally an order of magnitude lower. For aquatic organisms, LC50 values of < 1 mg/L and < 0.1 mg/L are considered highly acutely and chronically toxic, respectively. The primary warfare agents of concern within the U.S. CW agent inventory include several vesicant or blister agents: sulfur mustards {undistilled sulfur mustard (H), sulfur mustard (HD) , and an HD/ agent T mixture (HT)}; nitrogen mustards [ethylbis(2-chloroethyl)amine (HN 1), methylbis(2-chloroethyl)amine (HN2), tris(2-chloroethyl)amine (HN3)], and the organic arsenical Lewisite]; four nerve agents [VX, GA, GB, and soman (pinacolyl methylphosphonofluoridate; GD)], and the blood agent cyanogen chloride (CK) [ Table 1 (2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ]. The nitrogen mustards, GD nerve agent, and CK were not stockpiled as part of the U.S. chemical weapons inventory, and Lewisite and GA were produced in limited quantities in the United States. The emphasis in this review is on those potential degradation products resulting from agent contact with soil or water, especially from buried chemical weapons and wastes. The principal degradation processes include photolysis, hydrolysis, oxidation, and microbial degradation. Volatilization is an important mechanism for the transfer of some CW agents from soil and water to air. Decontamination procedures may incorporate some or all of these processes. We do not discuss combustion.
We assessed each of these processes/ sources of degradation products to assist those responsible for disposal, cleanup, and destruction operations to anticipate possible hazards. For example, knowledge of the environmental fate of CW agents would aid in choices of measures needed to ensure the safety of workers involved in hazardous waste cleanup and to ensure adequate remediation. It would also assist in determining the extent of possible contamination where agent wastes or munitions have been buried. Different operations and conditions involve these various processes and therefore potentially have different breakdown products associated with a given CW agent. In general, however, photolysis is relevant in the case of spills, particularly to soil surfaces and surface waters, as well as in the event of airborne release of an agent. Hydrolysis is pertinent to warfare agents buried in moist soil, to disposal in bodies of water, or to inadvertent releases or spills into surface water bodies. Compared to many other environmental contaminants, these agents and some of their degradation products are susceptible to hydrolysis, which minimizes their transport to groundwater. Hydrolysis is also a relevant disposal option for VX stored in ton containers (alkaline hydrolysis or neutralization followed by supercritical water oxidation) relevant to compounds in contact with air or natural oxidants in soil or water, and also for decontamination systems (oxidative detoxification). Microbial degradation is of interest in cases of burial or spills on soil and the hot water neutralization/biodegradation of hydrolysate option for HD disposal. Decontamination with any of the various chemical solutions currently in use by the army may result in the production of intermediates of varying toxicities. Experimental or proposed novel decontamination methods are not considered here.
We identified products associated with each of the degradation processes from field and laboratory studies as well as from analyses of stored containers. We then assessed the persistence and toxicities, both mammalian and environmental, of the degradation products.
We obtained the information in this review through an extensive literature search. Searches of the following computerized databases were Although we sought information on all identified degradation products, we placed emphasis on those products or contaminants identified as present in storage containers at concentrations of > 0.1%. The chemical nomenclature in this paper is based on nomendature in ChemID (NLM). We do not present toxicity data for inorganic degradation products or for well-characterized organic entities such as ethanol or isopropyl alcohol.
Data on environmental fate, mammalian toxicity, and ecotoxicity are often lacking or minimal for many of the minor degradation products and contaminants identified in this paper. In addition, much of the data are historic or incompletely reported by contemporary standards. Evaluation of those degradation products and contaminants for which both environmental fate and toxicity information are available indicates that relatively few degradation products are persistent over long periods in the environment, and most of those that are persistent exhibit moderateto-low levels of mammalian toxicity.
Vesicant Agents Sulfur Mustard
Most of the following discussion of sulfur mustard refers to the chemical agent HD (shown below), which is a distilled or purified form of sulfur mustard. C2H4-S-C2H4-CI Agent T HT may have many of the same toxic effects as HD. However, very few studies specific for agents HT or T were found in the available literature. Most laboratory studies of sulfur mustard are based on relatively pure mustard (HD) and not on undistilled sulfur mustard (H), which contains additional impurities. Sulfur mustard manufactured by older processes, such as the Levinstein process, contains 62-64% HD, whereas a 1-ton container of HD manufactured after World War II contains 89% HD (13) . (Table 1 shows the chemical and physical properties of HD and HT.)
CH2-CH2-CI S
The U.S. unitary chemical weapons stockpile includes sulfur mustard stored in ton containers at Anniston Army Depot in Alabama, Umatilla Depot Activity in Oregon, Pine Bluff Arsenal in Arkansas, Tooele Army Depot in Utah, and Aberdeen Proving Ground in Maryland (25) . HD, H, and HT are stored as nonstockpile chemical materials in various containers and munitions at these and several other sites.
Formation ofdegradation products. The fate of HD in the environment is based on its chemical and physical properties as well as on observations of persistence and degradation products from both field and laboratory studies. Information on degradation products, impurities, and stabilizers was also gleaned from analysis of the composition of the contents of ton containers that have been used to store HD. Weapons-grade agents can contain stabilizers, starting materials, or by-products formed during manufacturing, and products formed from slow reactions during storage. The degradation products, impurities, and stabilizers of HD are listed in Table 2 with synonyms and Chemical Abstract Service (CAS) numbers (13, 21, 23, (26) (27) (28) (29) . As previously noted, inorganic degradation products and well-characterized organic entities such as ethanol and isopropyl alcohol are not listed. Although listed, no effort was made to characterize toxicity for products present at < 0.1% in ton containers.
We were able to locate few data on the fate of HD in air in our literature search. The vapor pressure of HD is low [0.1 1 mmHg at 25°C (30] , but is sufficient for mustard to be in the air immediately surrounding droplets of the liquid. At moderate temperatures (25°C), HD deposited on the surface of soil will evaporate within 30-50 hr, depending on weather conditions (8, 31) . Because HD does not absorb ultraviolet (UV) radiation above 290 nm (32), photodegradation does not appear to be a significant degradative process (16) . Atkinson (33) reported on the estimated rate constants of reactions of OH radicals with organic compounds. Using Atkinson's data (33) , the Syracuse Research Corporation calculated that in the presence of 5 x 105/cm3 photochemically produced hydroxyl radicals in the atmosphere (assumed average concentration in nonsmog conditions), HD will react with an estimated rate constant of 11.4 x 10-12 cm3/mol/sec at 250C or a half-life of 1.4 days (16) . No data on actual photodegradation or reaction rates in the atmosphere were located. A Henry's Law constant of 2.4 x 10-5 atm x m3/mol (8) indicates that volatilization from water could be significant. However, in the absence of turbulence and at low temperatures, large quantities of HD would persist under water for considerable periods and retain blister-forming properties (34) .
Epstein et al. (35) reported that HD spilled into seawater would probably sink (specific gravity, 1.27 at 20°C) and remain on the bottom, where it would slowly dissolve, resulting in no more than a few parts per million of unhydrolyzed mustard in the supernatant water. Some of the agent might form a surface film on the water, where it would be removed within a few days by hydrolysis and volatilization (35, 36) . High levels of chlorine in the water inhibit hydrolysis; therefore, hydrolysis in seawater is slower than in freshwater (35) .
The primary environmental fate mechanism of stored or buried HD is hydrolysis. Although HD is rapidly hydrolyzed [half-life of [4] [5] [6] [7] [8] Hydrolysis is surface controlled, with products formed at the HD-water interface and then diffused into the bulk water phase (5,8,13,27,2/) . The hydrolysis mechanism is Environmental Health Perspectives * Volume 107, Number 12, December 1999 complex and, depending on the availability of water, occurs by two routes, both of which lead to formation of thiodiglycol (TDG) and hydrochloric acid (Figure 1 ). In a dilute aqueous solution, dissolved HD is rapidly converted first to a sulfonium ion and then to the hemimustard and TDG. In the presence of insufficient water to initially dissolve all available HD, several sulfonium ion aggregates (TDG-mustard aggregates) are formed at the water-HD interface. Although Small (8) predicted that the sulfonium ion aggregates are too chemically unstable to be of environmental concern, Yang et al. (29) noted that they are stable products in water at ambient temperatures and would shield the bulk of the material from further dissolution. Thus, the formation of aggregates probably contributes to the environmental persistence of HD. As shown in Figure 1 , hydrolysis of the hemimustard-TDG aggregate releases TDG. Although the reactions shown are reversible, Small (8) stated that the conditions required to produce reversible hydrolysis would not normally be encountered in the environment. In several studies compiled by Small (8) , the hydrolysis half-life of dissolved HD ranged from 158 min at 0.6°C to -1.5 min at 400C and did not vary appreciably in the typical environmental pH range.
The U.S. Army has conducted a sampling and analysis (by gas chromatography) of ton containers of HD stored at Aberdeen Proving Ground (APG), Maryland (38) [reviewed by the National Research Council (NRC) (21) and Amr et al. (23) ]. The HD stored at APG contains approximately 8.5% impurities formed either during manufacture or from decomposition of the HD during storage. In addition to HD, compounds present in the greatest amounts were 1,2-bis(2-chloroethylthio)ethane, hexachloroethane, 1,4-dithiane (estimated at 40 lb/container), 2-chloroethyl 3-chloropropyl sulfide, and 2-chloroethyl 4-chlorobutyl sulfide (Table 2) .
A residue in the bottom of the containers was composed primarily of 1 -(2-chloroethyl)-1-thiona-4-thiane chloride (Q-sulfonium)
formed by a reaction of HD with the metal on the inside of the ton containers or from a reaction with metal impurities during the manufacturing process of the agent (23) . HD may form metal complexes with storage containers (HD-FeCl2) or with the metal sulfides present in soil (8) . Additional compounds identified in the containers are listed in Table  2 . Trace metals were also present in the APG ton containers. The impurities 1,2-dichloroethane, trichloroethylene, tetrachloroethylene, 1,1,2,2-tetrachloroethane, and hexachloroethane may be subject to state and federal hazardous waste regulations.
D'Agostino and colleagues (26, (39) (40) (41) used several methods to detect and identify mustard-related hydrolysis compounds. D'Agostino and Provost (26) ..,-.
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. ...--I..1 Another reason for the persistence of sulfur mustard is its characteristic freezing at moderate temperatures ( 3-1 5°C) (8) . Studies of the persistence of sulfur mustard performed at low temperatures (-1°C) under actual field conditions in Norway show that small solid particles were formed on the surface of snow. The droplets disappeared fairly rapidly, however, primarily by evaporation; after 2 weeks only 0.0001% remained (42, 43) .
Under conditions of low relative humidity (27-35%) and ambient temperatures ranging from 21 to 25.5°C, 7-32% of mustard experimentally applied to soils was recovered in the first 6 hr; by the time no more H vaporized (15 to 55 hr), 12-66% had been recovered (35) . The rate of sulfur mustard vapor generation and recovery depended on soil pH and moisture content as well as on the chemical and physical characteristics of the soils.
According to Rosenblatt et al. (5) , mustard will not travel through groundwater in solution because of its low solubility and rapid hydrolysis when dissolved. Thus, HD is not normally found in groundwater. The hydrolysis product TDG is miscible with water (14) and may be found in surface water or may leach into groundwater.
Theoretically, HD can be biodegraded in soil via the thioether oxidation pathway to form bis(2-chloroethyl) sulfoxide and the corresponding sulfone, which are both water insoluble (44) . Morrill et al. (44) noted that mustard canl also be biodegraded by reductive dehalogenation and dehydrohalogenat ion, although these pathways are predicted to be very slow. Although the above biodegradation pathways have been suggested, biodegradation of mustard has not been achieved under laboratory conditions, probably because of its toxicity to microorganisms. Thus, the major disappearance pathways would be hydrolysis in soil, due to soil moisture, and evaporation at the soil surface.
We located few data on the chemical and physical properties of the degradation products of sulfur mustard. Dissolved sulfur mustard would be rapidly hydrolyzed to HCI and TDG. However, the presence of degradation products in stored ton containers and in soil and/or groundwater indicates the persistence of some of the intermediates. Information on the stability of several of the sulfonium ion aggregates in the environment is conflicting (8, 29) , but the sulfur mustard-TDG-TDG aggregate is stable in the absence of water, is water soluble, and has a suggested half-life in aqueous solution of 6 weeks (8) . TDLG is resistant to hydrolysis and photolysis. No photolysis occurred when aqueous solutions were irradiated by sunlight for 14 days; TD(, was resistant to hydrolysis at pH values of 4, and 1 1 over a 96-hr period (45) . Burrows (46) suggested that TDG can be oxidized to TDG sulfoxide and TDG sulfone. TDG is not a unique degradation product of HD degradation; it has been used commercially as a solvent in antifreeze solutions, in dyestuffs for printing, and as a costabilizer in the production of polyvinyl chloride (47) (48) (49) .
In the absence of measured data on environmentally relevant physical properties for many of the degradation products, Small (8) Table 3 . Several of the compounds are moderately-to-highly soluble in water (> g/l). as shown in Table 3 . Vapor pressures are genierally low and indicate little volatility, with the possible exception of the vinyl sulfides anid 1,2-dichloroethanc. Log K values of approximately < 2 indicate that little soil adsorption will occur. Small (8) used the calculated physical properties to derive physical indices including persistence or removal by, several processes. The derivations were based on water solubility and, for illustrative purposes, assumed a fractional soil organic carbon content of 0.02. According to Small (8) , the leaching index, which he defines as the number of leachings required to reduce a compound to onie~tenth of its initial concelltration, was high for sulfur mnustard aind (51) .
In light of the selection of chemical neutralization followed by biodegradation of the hydrolysis products, the biodegradation of hydrolysis products is relevant. Two strains of the bacterial species Pseudomonas pickettii (SH 18) and Alcaligenes xylosoxidans (ssp. xylosoxidans strain SH42) were isolated from areas purported to have been previously contaminated with HD. Both strains were killed by HD in culture. However, these strains were capable of using TDG as their sole source of carbon for growth (29, 52, 53) . When mustard was hydrolyzed before inoculation with the bacteria, up to 97% of the carbon-containing hydrolysis products were degraded. Lee et al. (54) reported that TDG was completely degraded by A. xylosoxidans strain SH91 in laboratory-scale stirred-tank reactors. TGD added to various soils was oxidized to (2-hydroxyethyl)thio acetic acid and then to thiodiglycolic acid; biotransformation kinetics depended on soil type (zeroorder rate coefficients ranged from 0 to 6.26 x 10-6 mol/L/hr for six soil types) (45) .
The environmental stability of several of the degradation products allows monitoring of the use or presence of CW agents. For example, TDG, 2-hydroxyethyl vinyl sulfide, 1,4-dithiane, 1,4-oxathiane, and divinyl sulfide were among compounds identified in soil, munition fragments, and wool samples associated with a CW incident in Iraq. Twenty-three mustard-related compounds were tentatively identified along with the explosives 2,4,6-trinitrotoluene and tetryl (55, 56) . In addition to sulfur mustard (the primary component), sesquimustard, and agent T, 15 additional components including dehydrochlorination products were identified in an Iran-Iraq soil sample suspected to have been contaminated with mustard (26) .
Decontamination. Decontamination solution 2 (DS-2; composed of diethylenetriamine, ethylene glycol monomethyl ether, and sodium hydroxide), and supertropical bleach (STB; a hypochlorite-containing solution) are the most commonly used decontaminant solutions for CW agents (8) . For HD, decontamination procedures produce many of the same products observed during hydrolysis. Reaction of HD with DS-2, which acts as a "superbase," is rapid at 250C. If the reaction is complete, only divinyl sulfide, formed through two elimination reactions, will be produced. If the reaction is incomplete, divinyl sulfide, 2-chloroethyl vinyl sulfide, TDG, and possibly 2-hydroxyethyl vinyl sulfide are formed (8,295. Decontamination of HD with hypochlorite-containing materials such as calcium hypochlorite or STB results in essentially complete mineralization to carbon dioxide, water, and inorganic substances if the reaction is complete (8, 13, 57) . Incomplete reaction may result in the formation of the intermediates mustard sulfoxide, mustard sulfone, and chloroform. The reaction pathway with hypochlorite was outlined by Yang et al. (29) and Small (8 (21, 23, 24, 58) . The hydrolysis process destroys the HD and forms primarily TDG and chlorinated VOCs. In laboratory studies that tested various conditions of temperature, HD concentration, and sodium hydroxide concentration, HD was completely hydrolyzed to TDG, ethers, and thioethers (53) . According to Amr et al. (23) , the hot water hydrolysate after 3.8% agent loading is typically composed of water (-90%), TDG (-5%), HCl (-3%), sulfonium ions (-1%), 1,2-bis(2 hydroxyethylthio) ethane (0.2%), and 1,4-dithiane (0.12%), with other constituents present at < 0.1%. The hydrolysate is then sent to a biodegradation reactor containing ordinary sewage sludge, where more than 99% of the TDG is mineralized to carbon dioxide, water, and sulfate (24) .
Acute and chronic mammalian toxicity. Sulfur mustard is a vesicant or blister agent that possesses strong alkylating properties and consequently demonstrates systemic toxicity in addition to its effects on skin, eyes, and respiratory tract (2) . It also is considered a known human carcinogen (59) (60) (61) . Some HD degradation products retain considerable toxicity including, in some cases, vesicant action. Examples include mustard and hemimustard-TDG aggregates, mustard sulfone, and divinyl sulfone. In general, compounds that have a 2-chloroethylsulfide moiety are alkylating agents that have vesicant action. These compounds can form the cyclic sulfonium intermediate that will yield alkylated products in a manner consistent with the toxic action of HD (62) . Other compounds such as TDG exhibit low to very slight toxicity and do not retain the vesicant property.
Hydrolysis of HD results in a host of degradation products, but primarily TDG.
Acute and chronic mammalian toxicity data are available only for a small number of these breakdown products. The acute mammalian toxicity data that we located for HD degradation products are presented in Table 4 ; the chronic toxicity data are shown in sulfonium chloride (HD-TDG) in rats is 0.017-0.02 times that of HD (Table 4) . However, its dermal toxicity (lethality) is equivalent to that of HD in rats and higher than HD in mice and rabbits (67) . Its iv lethality is also equivalent to that of HD in rabbits (6;7). We located only one data point for the sulfur mustard-TDG-TDG aggregate bis[bis(beta-hydroxyethyl)sulfonium ethyl] sulfide dichloride (HD-TDG-TDG) (68) . An intraperitoneal (ip) LD50 value of 50 mg/kg in mice was reported in the literature (68) ( Table 4) ; Anslow et al. (67) considered this compound to have relatively low toxicity but presented no supporting data. We found no chronic toxicity information for these or any HD hydrolysis products other than hemisulfur mustard. We located toxicity data on several HD oxidation products that are formed by the incomplete reaction of HD with DS-2 (divinyl sulfide, 2-chloroethyl vinyl sulfide, TDG, and 2-hydroxyethyl vinyl sulfide) and with STB (mustard sulfoxide, mustard sulfone, and chloroform) (8) . Divinyl sulfide is about 0.1 times as toxic to rats (oral exposure) as HD (Table 4) (2); in one test for embryotoxicity, it was reported to have no effect (73) . We found no biologic data for 2-chloroethyl vinyl sulfide or for 2-hydroxyethyl vinyl sulfide. Ishidate et al. (71) reported an LDLO value of 150 mg/kg in rats for mustard sulfoxide administered by an unspecified route. No chronic toxicity data were available for this compound. Acute inhalation exposure of cats and rabbits to mustard sulfone for 10 min resulted in an LCLO value of 1,430 mg/m3 for both species times that of HD, respectively (67) . In our literature search we did not locate chronic toxicity data for mustard sulfone. Table 4 contains limited acute toxicity data for three products of HD dechlorination: 2-chloroethyl vinyl sulfoxide, vinyl sulfoxide, and divinyl sulfone. The first two compounds appear to have similar oral lethality in mice and rats, although only LDLO values are available. Historical values average 100 mg/kg except for the oral LDLO of 50 mg/kg for vinyl sulfoxide in mice (75) . Chronic toxicity data are unavailable for these substances. The oral LD50 value for divinyl sulfone in rats of 32 mg/kg (76) is just half the toxicity of HD (2) . It is more toxic than mustard sulfone by factors of 2-5 in iv and sc tests in mice and rats [calculated from data presented by Anslow et al. (67) ].
It is approximately equivalent to HD in mice by the iv and sc routes and only slightly less lethal than HD in rats by these routes (6?). Genotoxicity tests with divinyl sulfone This substance is a mild skin irritant and moderate eye irritant in rabbits (Table 4) . 1,4-Oxathiane was negative for mutagenicity in the Ames test both with and without metabolic activation (141) (Table 5) .
Two impurities of HD, one of which is present in the ton containers of HD, are warfare agents themselves: agent T and 1,2-bis(2-chloroethylthio)ethane (compound Q) (99) . Robinson (99) estimated that the human LC50-time relationship value for agent T (a vesicant) for inhalation exposure was 400 mg/min/m3. This was probably based on animal data for HT; values for HT exposure ranged from 100-200 mg/min/m3 for dogs to 3,000-6,000 mg/min/m3 for guinea pigs and rabbits (191) . Robinson (99) also estimated that the corresponding value for compound Q in humans was 300 mg/min/m3; its action on the lungs resembled that of phosgene. The LC50 values for 2-min exposures to compound Q for several mammalian species range from 36 mg/m3 in mice to 137 mg/m3 in hamsters, with the value for dogs at 90 mg/m3 (100). Another impurity, Q-sulfonium, which forms a residue on the bottom of ton containers, has an ip LD in mice of approximately 75 mg/kg and retains alkylating properties (101) ( Table 4) .
Chronic toxicity data were not available for compound Q or agent T. Chronic exposure to HT causes sensitization and chronic lung impairment (cough, shortness of breath, chest pain) (191) , but sources provided no data specific for agent T. Again, chronic exposure to HT was said to be capable of causing birth defects (191) , but we found no reproductive toxicity studies specific to agent T. Agent T was mutagenic in Drosophila, producing sex-linked lethal mutations with a potency equivalent to HD (192) .
Bis(2-chloropropyl) sulfide is lethal in mice at 380 mg/m3/10 min (72). We did not locate chronic toxicity data for bis(2-chloropropyl) sulfide, but it has been reported to cause DNA damage in chicken leukocytes in vitro (18-9. Many other compounds, including solvents, are present at extremely low levels (< 1%) in ton containers of HD (21), but relevant toxicologic data have been identified for only a few of them. These chemicals are expected to be completely destroyed by 79-34-5) the hot water neutralization/biodegradation disposal process for HD. The toxicity data for these chemicals are also presented in Tables 4 and 5. Chloroform is a commonly used solvent with well-known toxicologic properties. It is a central nervous system (CNS) toxicant, which can cause lassitude and mental dullness in humans at 80-240 ppm and clinical anesthesia at 10,000 ppm (167) . Death can result from respiratory depression, cardiac arrest, or liver toxicity associated with anesthetic use (87, 193) . Chloroform is a skin and eye irritant and causes corneal injury in humans (Table 4) (76, 194) . Liver and kidnev damage can ensue after acute exposure (87, 195) . Chloroform is a suspected human carcinogen of moderate potency for lifetime oral exposure (143, 150, 167) (Table 5) . Chloroform is metabolized via several pathways. The hepatotoxicity is due to oxidative dechlorination to phosgene, which binds to tissue proteins (196) . Chloroform is fetotoxic and teratogenic in rats and produces sperm abnormalities in mice (193) . The American Conference of Governmental Industrial Hygienists (ACGIH) threshold-limit-value time-weighted average (TIV-TWA) for chloroform is 10 ppm (49 mg/m3) (196) , whereas the Occupational Safety and Health Administration (OSHA) permissible exposure limit (PEL) is 2 ppm (197) .
Tetrachloroethylene is a common organic solvent with relatively low oral toxicity in mice and rats, but it can affect the human nervous system by the inhalation route at relatively low exposure concentrations (Table 4) . It is a mild eye irritant and a mild-to-severe skin irritant in rabbits (Table  4) . Tetrachloroethylene is a proven animal carcinogen and a possible human carcinogen (Table 5 ) (160) . It is genotoxic in numerous test systems (Table 5) , is positive for reproductive toxicity in mice and rats for several end points, and is a possible human neurotoxicant under long-term, low-dose exposure conditions (159, 164) . The OSHA PEI for tetrachloroethylene is 100 ppm (670 mg/i3) (197) ; the TLV is 25 ppm (170 mg/m3) with a short-term exposure limit (STEL) of 100 ppm (685 mg/m3) (196) .
Hexachloroethane has relatively low oral toxicity in rats and guinea pigs [4-5 g/kg [111) ] and low dermal toxicity in rabbits [32 g/kg (111)] (Table 4) . It is a suspect human carcinogen based on carcinogenic activity in mice and rats (167, 171) and has shown limited genotoxic activity (167) ( Table 5) . Hexachloroethane was not teratogenic in rats exposed orally (111) , but chronic exposure of rats and mice caused renal toxicity (170, 171) . The OSHA PEL is 1 ppm (9.7 mg/m3) (197) , and the ACGIH TLV-TWA is 1 ppm (167, 196 (Table 4) . Like tetrachloroethylene and hexachloroethane, 1,2-dichloroethane is a known animal carcinogen and a likely human carcinogen (Table 5) . It is genotoxic and has effects on a number of end points (Table 5) . 1,2-Dichloroethane was negative for teratogenicity in two studies (174, 181) , negative for certain other reproductive toxicity end points (174) , but caused embryonic growth retardation in rats (181) . The OSHA PEL is 50 ppm with a 15-min STEL of 100 ppml (197) , whereas the ACGIH TLV is 10 ppm (40 mg/m3) (167, 196 (124) and an inhalation LC5(1 value in mice of 4,500 mg/m3 (127) (Table 4) . 1,1,2,2-Tetrachloroethane is considered by the U.S. Fnvironmental Ptoection Agency (EPA) to be a possible human carcinogen on the basis of tumor indtiction in male and female mice, although it was negative in male and female rats for carcinogenicity (184) ( Table 5) . It is mutagenic and shows other evidence of genotoxicity: it is positive for inducing DNA repair (187) , SCE (162) , and DNA damage (prophage lambda test in Escherichia coli) (188) , and is positive in the replicative DNA synthesis test (166) . No data relevant to reproductive toxicity were located. The OSHA PEL for tetrachloroethane is 5 ppm (35 mg/m3) (197) , whereas the ACGIH TLV-TWA is 1 ppm (6.9 mg/m3) (167, 196) .
Ecotoxicolo. The environmental toxicity of sulfur mustard was reviewed by Opresko et al. (19) . The reviewed studies demonstrated that sulfur mustard is extremely toxic to all species, but its environmental action is limited by its low solubility. Results of these studles, involving a variety of aquatic organisms, showed that fish are the most sensitive species (compared with phytoplankton and higher aquatic plants). Mustard added to fish aquaria at 250C formed globules on the bottom of the tanks, and amounts equivalent to 25-50 ppm were required for lethality in fish (198) . For the three most sensitive species of fish, bluegill sunfish (Lepomis macrochirus), red-eared sunfish (Lepomis microlophus), and black bullheads (Ameiurus melas), the 30-day toxicity threshold was 2 mg/L.
We located few data on the toxicity of intermecdiate degradation products; however, several degradation products, including vinyl sulfoxide and 2-chloroethyl vinyl (53) .
The generally low K values (< 2) for mustard degradation products listed in Table  3 indicate a low potential to partition to the lipid phase in organisnms and thus little potential to bioconcentrate.
Nitrogen Mustard Agents
The nitrogen mustards are not manuifactured in significant commercial qtiantities in the United States. Although several of the nitrogen mustards have medicinial tises as antineoplastic agents (12) , they were never stockpiled as part of the U.S. CW inventory. Because these agents are not a significant part of the U.S. CW agent inventory, the), are not anticipated to be an environmental concern. We were able to locate little fate and toxicity data on nitrogen mustards. Because they are not very solublc in water, most research has involved the readily soluble hydrochloride compounds.
The three nitrogen mustards with greatest potential for warfare use are HN 1, HN2, and HN3. These compounds are halogenated tertiary aliphatic amines. All three are colorless and odorless oily liquids when freshly distilled. Within days after distillation, HN3 takes on a yellow-to-brown color (7) . Like all amines, the nitrogen mustards are bases and act as proton acceptors. Nitrogen mustards are unstable in the presence of light and heat and form dimers at temperatures above 50°C. Dimerization occurs even tinder ideal storage conditions and is accelerated in the presence of water (6, 7) . HN3 possesses vesicant properties almost equal to those of HD; it is also the most stable in storage of the three nitrogen mustards (11). (Table 1) , HN3 is considered environmentally persistent, whereas HN1 and HN2 are considered moderately persistent. The major fate process in soil or water is expected to be hydrolysis, especially under wealdy alkaline conditions.
The vapor pressure of all three nitrogen mustards is low, < 1 mmHg at 20-25°C. HN1 and HN2 have slightly higher vapor pressures than HN3. Because the volatiliry of HN3 is limited (approximately 100 mg/m3 at 20°C), dangerous concentrations will not be found in the atmosphere (7) . HN1 and HN2 are more volatile: 1, 520 mg/m3 at 20°C and 3,580 mg/m3 at 25°C, respectively (15 Hydrolysis is slower for HN3 but is estimated to be 90-95% complete with removal of all three chlorines after 24 hr (18) .
Hydrolysis products were identified in several laboratory studies (Table 6 ). Epstein et al. (35) identified the final hydrolysis product of HNI as bis(p-hydroxyethyl)amine or diethanolamine. Franke (7) identified Nmethyl-2-hydroxy-2-chlorodiethyl ammonium chloride, a small amount of N-methylbis-(2-hydroxyethyl) ammonium chloride, and dimerization products as hydrolysis products of HN2 under laboratory conditions. The hydrolysis of HN3 is slower than that of the other two nitrogen mustards and also is complicated by formation of the reactive intermediates and dimerization products. In a 1% aqueous solution of HN3, bis(2-chloroethyl)-2-hydroxyethyl ammonium chloride and 2-chloroethyl-bis-(2-hydroxyethyl) ammonium chloride [along with a small amount of triethanol ammonium chloride (triethanolamine)] were identified after 20 and 72 hr, respectively. Much of the unhydrolyzed HN3 was in the form of the hydrochloride. Black and Read (202) listed triethanolamine, N-ethyldiethanolamine, and N-methyldiethanolamine as hydrolysis products of nitrogen mustards, presumably of HN3, HN1, and HN2, respectively.
The hydrolysis of HN3 involves successive displacement of the chlorides by hydroxy groups forming the three compounds listed in order in Table 6 . The pathways for hydrolysis of HNl and HN2 are similar with liberation of chloride and formation of the 1-methyl-1 -(2-chloroethyl)-ethylenimonium ion. The onium cation then reacts with water to form the alcohol (chlorohydrin compound). The second carbon-chlorine bond hydrolyzes in a similar manner to form ethyldiethanolamine in the case of HN1 and methyldiethanolamine in the case of HN2 (17). Removal of the alkyl group results in diethanolamine. The ethylenimonium intermediates are highly reactive and can alkylate biologic macromolecules (12) .
On the basis of I(w values and using a regression-derived equation, the Syracuse Research Corporation (17,18) estimated K oc values of 74 and 672 for HN2 and HN3, respectively. These values suggest high and low-to-medium mobility in soil for HN2 and HN3, respectively. The rapid hydrolysis of HN2 may preclude leaching through soil. No measured data were located.
No data on the biodegradation of nitrogen mustards were located. According to Morrill et al. (44) , nitrogen mustards can theoretically be biodegraded by reductive dehalogenation and dehydrohalogenation mechanisms, but these processes would be very slow. HN1 and HN2 can be degraded through oxidative dealkylation (N-dealkylation for HN1 and C-dealkylation for HN2); the metabolites would possess vesicant properties. Yordy and Alexander (203) identified N-nitrosodiethanolamine as a metabolite of diethanolamine in natural waters and sewage.
We located further data on the fate of two hydrolysis products: diethanolamine (from HN1) and triethanolamine (from HN3). Both of these compounds have Table 6 . Hydrolysis products of nitrogen mustards. Name/synonyms (7); the nonhydrochloride compound is 2-(2-chloroethyl)methylamino ethanol (C5H12NOCI; CAS no. 51822-57-2). cProduct was present in solution as hydrochloride (7); the nonhydrochloride compound is N-methyidiethanolamine (C5H13NO2; CAS no. 105-59-9). dProduct was present in solution as hydrochloride (7); the nonhydrochloride compound is ethanol mustard (C6H13NOC12; CAS no. 7747-69-5). *Product was present in solution as hydrochloride (7) ; the nonhydrochloride compound was not identified. fProduct was present in solution as hydrochloride (7) ; the nonhydrochloride compound is triethanolamine (C6H15N03; CAS no. 102-71-6).
Environmental Health Perspectives * Volume 107, Number 12, industrial uses (14) , and their presence in the environment is not unique to CW agent contamination. Diethanolamine released to soil or water is expected to biodegrade with a half-life of a few days to weeks depending on microbial acclimation. Leaching through soil is expected, as the compound is miscible with water; however, the protonated corpound may adsorb to humic material in soil and water. Based on a vapor pressure of 1.4 x 10-4 mmHg and an estimated Henry's Law constant of 3.9 x 10-1 l atm x m3lmol, volatilization from soil and water, respectively, are not important fate mechanisms. The half-life of diethanolamine vapor in the atmosphere has been estimated at 4 hr (204), and complete mineralization of diethanolamine in sewage has been reported (204, 205) . Similar fate data were presented for triethanolamine (206) .
Decontamination. No specific information on decontamination was located. Franke (7) Acute and chronic mammalian toxicity. The nitrogen mustards are highly toxic vesicant agents with strong alkylating activity and significant systemic toxicity in addition to their blistering capability. Tables 7 and 8 list toxicity information for the HN degradation products. N-ethyldiethanolamine and diethanolamine are the degradation products of HN 1. N-ethyldiethanolamine produces severe eye irritation in rabbits but only mild skin irritation; it exhibits low oral toxicity in rats (Table 7) . No chronic toxicity information was found for this substance. Diethanolamine is a severe eve and skin irritant (157) ; it is moderately toxic in several animal species by oral exposure and very mildly toxic by the dermal route (Table  7) . Although diethanolamine has consistently given negative results in tests for mutagenicity and cytogenicity (Table 8 ) (157), it has demonstrated evidence of male rat reproductive toxicity (220) and clear evidence of carcinogenicity in male and female mice after a 2-year dermal exposure (218) . The OSHA PEL for diethanolamine was 3 ppm until vacated in 1992 by a court decision (157) ; the Tt V-TWA has been revised downward to 0.46 ppm (2 mg/m3) (167, 196) .
Fable 7 lists acute toxicity data for two HN2 hydrolysis products, N-methyl-2-hydroxy-2-chloro diethyl ammonium chloride and N-methyldiethanolamine. The former is highly toxic by the oral and sc routes in rats and mice (7, 66) . N-methyldiethanolamine is mildly toxic by the oral and dermal routes (70) and generates mild skin irritation (211) . It does not produce mutations in Salmonella (222) or inhibit mitosis in mouse vaginal epithelium in vVnO (211) , and it does not cross-react with HN2 for delayed hypersensitivity in humans (211) . The salts of two other HN2 hydrolysis products were also tested for mitotic inhibition and human hypersensitivity crossreaction with HN2. 2-(2-Clhlorocthyl) methylamino ethanol hydrochloride was positive in both regards (211) , whereas N,N'-dimethyl -N,N'bis(2-chloroethvTl) piperaziiiunm wvas negatiVc ill both tests (211) (Table 8 ). Except for triethanolamine, toxicity data are sparse for the hydrolysis products of HN3. The available data suggest high acute toxicity for both bis(2-chloroethyl)-2-hydroxyethyl ammonium chloride and 2-chloroethyl-bis(2-hydroxyethyl) ammonium chloride ( Table 7) . The mouse sc LD50 value for the latter compound is very close to that for HN3 [2 mg/kg (228)]. Triethanolamine, however, shows very low acute toxicity by the oral and dermal routes (Table 7) . It is a mild skin irritant; eye irritation data from rabbits are mixed (mild to severe; Table 7 ). Triethanolamine has caused various skin effects upon occupational exposure, including irritation, contact dermatitis, allergic contact dermatitis, eczema, and erythematous vesicular lesions (157) . It has given negative results for various genotoxicity end points (Table 8 ) (157) and for effects on sperm morphology in rodents (223) . In 2-year dermal carcinogenesis testing, triethanolamine gave equivocal results in male rats and no evidence in female rats (223) . It is embryotoxic in chicks (225). It did not produce skin sensitization in mice (226) , but upon chronic exposure it did cause skin hyperplasia and inflammation in mice and rats and skin ulceration in rats (223) . The TLV-TWA for triethanolamine is 5 mg/m3 (196) . No OSH-A PEL exists for triethanolamine.
Ecotoxicity. We located data on the acute aquatic toxicity of three degradation products: N-ethyldiethanolamine, diethanolamine, and triethanolamine ( Table 9 ). The data indicate that these hydrolysis products are of low-tomoderate toxicity to aquatic organisms. No data on the acute toxicity of the parent compounds were located for comparison purposes. In 30-day tests, thresholds for lethality for fish (black bullheads) were 25 mg/L for HN1; 10 mg/L for HN2; and 8 mg/L for HN3 (198) . When introduction of the fish into the tanks containing 25 mg/L HN3 was delayed for 12 hr, all fish survived, indicating a loss of toxicity, presumably through hydrolysis. According to Buswell et al. (198) , the nitrogen mustards were less toxic than sulfur mustard to phytoplankton and higher aquatic plants. Bioconcentration factors of < 1 for both diethanolamine and triethanolamine and their high water solubility indicate that neither compound will bioconcentrate in aquatic organisms (204, 206) . No data were located on toxicity of the degradation products to terrestrial plants or wildlife. Lewisite Lewisite [dichloro(2-chlorovinyl)arsine; Cl-CH = CH-AsCI2] is an organic arsenical with vesicant properties. Purified Lewisite is a colorless, oily liquid with very little odor, whereas the synthesized chemical agent is an amber-to-dark brown liquid with a geraniumlike odor (10, 15) . The synthesized agent is composed of cis and trans isomers in the ratio of 10:90 and several impurities including bis(2-chlorovinyl)chloroarsine, tris(2-chlorovinyl)arsine, and arsenic trichloride (5, 10) . The chemical and physical properties of the two isomers are similar. Because the vinyl double bond and the dichloroarsine group (AsCI2) are unstable, stabilizers are normally added to prevent decomposition (27) .
Lewisite, like GA, has been produced in limited quantity and is stored as part of the unitary stockpile only at Deseret Chemical Depot, formerly part of Tooele Army Depot (229) . Small (223) negative (227) Cl-CH=CH-As(OH)2 ¢. H20T + Cl-CH=CH-AsO + (Cl-CH=CH-AsO)n Once formed, Lewisite oxide and polymerized Lewisite oxide are relatively insoluble in water. Once dry, the oxide will probably not readily redissolve or form the acid in the environment.
In basic solution, the trans-Lewisite isomer is cleaved by the hydroxyl ion to give acetylene and sodium arsenite; this occurs even at low temperatures (5, 9) . cis-Lewisite must be heated to over 40°C to react with NaOH to yield vinyl chloride, sodium arsenite, and acetylene (5). In aqueous solution, the cis isomer undergoes a photoconversion to the trans isomer (5) . In water and in the presence of oxidizers naturally present in the environment, the toxic trivalent arsenic of Lewisite oxide is oxidized to the less toxic pentavalent arsenic (232) . Regardless of the degradation pathway, arsenical compounds will ultimately be formed.
A Henry's Law constant of 3.2 x 10-4 atm x m3/mol for Lewisite indicates the potential for significant volatilization from water. However, the rapid rate of hydrolysis may reduce the significance of this fate pathway.
Although the low water solubility of Lewisite indicates intermediate persistence in moist soil (2, 10) , Lewisite applied to soil may rapidly volatilize and/or be converted to Lewisite oxide through exposure to soil moisture followed by drying (5). According to Cooper (234) (228) . In the absence of data, Bausum et al. (190) Ecotoxicity. Data on Lewisite are limited to a few historical reports. In 30-day tests, the thresholds for lethality for several aquatic organisms were 0.2 mg/L (small black bullheads), 0.5 mg/L (bluegill sunfish), < 2.0 mg/L (largemouth bass), and 0.5 mg/L (tadpoles) (198) . In Lewisite solutions allowed to stand for 30 or 50 days, there was an increase in the survival rate of tested organisms (241), indicating a lower toxicity for the hydrolysis/oxidation products. In another study, sunfish exposed to 6.5 mg/L Lewisite for 24 hr showed signs of stress, but there were no deaths (242) . No further details were available. Buswell et al. (198) compared the toxicity of Lewisite to that of arsenite (NaAsO2) and found that the 30-day lethality threshold of arsenite for black bullheads was much greater (25 mg/L).
Buswell et al. (198) (198) . Lewisite vapor is extremely phytotoxic and has been implicated in the death of vegetation in Lewisite shell target areas (243) .
Few data were located on the ecotoxicity ofdegradation products. 2-Chlorovinyl arsonic acid was considerably less toxic to aquatic organisms than Lewisite, with only a slight toxic effect (not described) at 200 ppm (241) .
Hydrolysis of Lewisite results in arsenical compounds that persist in the environment; (244) , whereas Lewisite does not (5) .
Nerve Agents
The nerve agents are alkylphosphonic acid esters. They are generally divided into V agents, primarily VX, and G agents, principally GA, GB, and GD. V agents such as VX contain a sulfur and are alkylphosphonothiolates. GA contains a cyanide group; GB and GD, which contain a fluorine substituent group, are methylphosphonofluoridate esters. These nerve agents contain a C-P bond that is almost unique, e.g., it is not found in organophosphate pesticides; the C-P bond is very resistant to hydrolysis. The chemical names, CAS No, and chemical and physical properties of the nerve agents are listed in Table 1 . 
GD
All of the nerve agents are viscous liquids; however, the V agents tend to be persistent on surfaces, whereas the G agents are volatile and present a vapor hazard. The agents also differ in water solubility, with GA and GB being miscible with water and VX and GD being less soluble. Hydrolysis rates of the nerve agents also differ, with the slowest being VX. Under ideal storage conditions, GA and GB are fairly stable when stored in steel containers; GD is less stable than GA and GB. VX is considered relatively stable at room temperature (11 Bis ( sulfide (2.0%), and bis(2-diisopropylaminoethyl) disulfide (0.5%). Bis(S,5-(2-(diisopropylamino)ethyl) methylphosphonodithiolate (0.8%) and 0-ethyl methylphosphonothioic acid (0.2%) were detected by 31p nuclear magnetic resonance. One of these compounds, 0-ethyl methylphosphonothioic acid, was identified in a soil sample following the destruction of a plant in Khartoum, Sudan, where intelligence sources said VX was being made (251) . 0-Ethyl methylphosphonothioic acid is a VX precursor for some processes.
D'Agostino et al. (250) previously identified many of the same compounds (present in the ton containers) in a glass container of VX that had been stored for > 10 years. Additional impurities were tentatively identified by combined capillary column gas chromatography-mass spectrometry under both electron impact and chemical ionization conditions. D'Agostino et al. (252) then characterized a number of novel polar and higher molecular weight degradation products by liquid chromatography/electrospray mass spectrometry, including phosphorus compounds containing a P-CH3 bond, long chain bis(diisopropylamino)thiaalkanes, and urea stabilizers.
VX is soluble in water, 30 g/L at 25°C (8) , and is relatively resistant to hydrolysis (7) . The reported half-life in water at 25°C and pH 7 ranges from 17 to 42 days (9). Hydrolysis proceeds by several pathways, producing a variety of degradation products (9, 13, 27, 28, 248) (Figure 2 and Table 12 ). At pH values of < 6 and > 10, cleavage of the P-S bond predominates, resulting in formation of ethyl methylphosphonic acid (EMPA) and diisopropylethyl mercaptoamine (DESH). The latter compound can be oxidized to bis(2-diisopropylaminoethyl) disul Rohrbaugh (249) identified the following impurities in a stored ton container of VX (identification was by direct gas chromatography-mass spectrometry analysis): diisopropylamine (0.7%), 0, 0-diethyl methylphosphonate (0.6%), 0,0-diethyl methylphosphonothioate (0.4%), 2-(diisopropylamino) ethane thiol (1.4%), 0,5-diethyl methylphosphonothioate (0.6%), 2-(diisopropylamino)ethyl vinyl sulfide (0.1%), 2-(diisopropylamino)ethyl ethyl sulfide (0.2%), 0, 0-diethyl dimethylpyrophosphonate ethyleneimmonium ion (CH2)2N + (C3H7)2 to form bis(2-diisopropylaminoethyl) sulfide. In a solution of 0.01 M VX and aqueous 0.1 M NaOH, VX was hydrolyzed to EMPA and S-(2-diisopropylaminoethyl) methylphosphonothioic acid (EA 2192) ions in a ratio of 87% to 13%, respectively; under these conditions, the half-life of VX was 31 min (253) .
At neutral and alkaline pH values (7-10), the above pathway competes with dealkylation of the ethoxy group (cleavage of the C-O bond), the latter pathway yielding the environmentally stable EA 2192 and ethanol. Although methylphosphonic acid (MPA) can theoretically be formed slowly by hydrolysis of EMPA, it has not been demonstrated to occur in aqueous solutions (28) . However, Verweij and Boter (254) reported the isolation of MPA from VX-contaminated soil. The sulfur-containing products such as EA 2192 are relatively stable in water (255) ; no degradation of EA 2192 was observed after 1,000 hr in distilled water (256) . The disulfide is also extremely stable in the environment (257) . Cleavage of the S-C bond may also occur, forming ethyl methylphosphonothioic acid, 2-diisopropylaminoethanol, and diisopropyl ethyleneimmonium ion (248, 258) . According to the NRC (21), the impurity, bis, present in ton containers would also hydrolyze to EA 2192.
In another study, Szafraniec et al. (256) observed the hydrolysis of 0.5% VX in unbuffered solution at 21°C. Hydrolysis occurred by all three of the above pathways; the reactions were independent of pH. The principal product was EA 2192 (49.4 mol percent). The overall half-life was 57.3 hr.
Laboratory and field studies on the fate of nerve agents in soil indicate that disappearance results from a combination of processes including evaporation, hydrolysis, and microbial degradation. Soil types and properties and the presence/amount of soil moisture and bacteria greatly influence the rate of degradation. Field and closed-container studies indicate that approximately 90% ofVX is lost from soil in 15 days (8) .
In addition to VX, the degradation products diethyl methylphosphonate (an impurity and degradation product) and EA 4196 were identified when soil was spiked with VX in the laboratory and analyzed over a 1-month period. Trace levels of other degradation products were also present (34) . Verweij (8) .
In field studies conducted at Carroll Island, Maryland (8), VX sprayed on soil decreased by about three orders of magnitude within 17-52 days. In an area of field tests at Dugway Proving Ground, where soil levels before 1969 were as high as 6 mg/g, no VX was detected (detection limit 0. 4 ag/g) 10 years later. The degradation product, MPA, was detected at concentrations ranging from 14.9 to 23 pg/g and was distributed uniformly through a 120-cm depth.
Small (8) compiled physical properties that pertain to the environmental fate of several of the major degradation products (Table 13) . EA 2192, a white solid at ambient temperature, is both infinitely soluble and extremely stable in water at neutral and alkaline pHs (255, 256 (13) . EMPA is resistant to hydrolysis but, as noted above, disappears fairly rapidly from soil. Kingery and Allen (28) listed degradation rate constants in water and soil of 2.4 x 10-°and 3.6 x 10-3 (per hour at 25°C), respectively. The data in Table 13 indicate a high water solubility and a low volatility.
MPA is stable in the environment because it is resistant to hydrolysis, photolysis, and thermal decomposition (34, 263) . The rate of disappearance of MPA in environmental media is controlled by biodegradation (28); however, the C-P bond is resistant to cleavage (263 Decontamination. VX undergoes water and hydroxyl ion-catalyzed hydrolysis but is not subject to acid-catalyzed hydrolysis (13) . Thus, the proposed neutralization technology for agent VX, although similar to that for agent HD, uses alkaline rather than neutralto-acidic conditions (21) . Neutralization with aqueous NaOH at 900C for 6 hr and oxidation of the hydrolysate with dilute sodium hypochlorite solution (21) should be followed by either on-site or off-site supercritical water oxidation (22) . The hydrolysate from NaOH treatment has been characterized and includes the following degradation products: EMPA, MPA, diisopropylaminoethane thiol, bis(diisopropylaminoethyl) disulfide, bis-(diisopropylaminosulfide), 1,9-bis(diisopropylamino)-3,4,7-trithianonane, other diisopropylaminoethane compounds, N,N'-methanetetrayl bis(cyclohexanamine), and mono(2-ethylhexyl)ester hexanedioic acid (264) . EMPA and diisopropylaminoethane thiol were the major components.
Bleach and Fichlor (N,N-dichloroisocyanurate; Aldrich Chemical Company, Milwaukee, WI) effectively oxidize/detoxify VX, forming EMPA and a sulfonic acid (29) . MPA can be oxidized to phosphoric acid, carbon dioxide, and water in the presence of hydrogen peroxide, oxygen, and UV light (265) . No (266) . Nucleophilic substitution with P-S bond cleavage takes place with aqueous peroxycarbonate. These and additional neutralization reactions for VX were summarized by Yang (266, 267) .
In reviewing the studies of Yang et al. (258) and others, Rosenblatt et al. (13) siggested that under strongly basic conditions with an alcoholic solvent, P-S cleavage is favored and VX could be decontaminated without the formation of A 2192. Perhydrolysis of VX (substitution with HO,) is extremely rapid and also proceeds without the formation of EA 2192 (253) . The stabilizer diisopropylcarbodiimide and/or its hydrolysis product 1,3-diisopropylurea are oxidized by supertropical bleach to N-chloroisopropylamine (8) .
Acute and chronic mammalian toxicity. Yhe organophosphate nerve agent VX is a potent anticholinesterase agent that can act by dermal, oral, or inhalation routes of exposure. Some signs and symptoms of CxposLire include miosis, nausea, tightness in the chest, increased salivation and sweating, and lacrimation. In sufficient concentrations VX causes death by compromising respiration (it causes copious secretions, paralyzes the respiratory muscles, and inhibits the respiratory center of the brain) (1). The anticholinesterase mechanism of action of organophosphonic acids such as VX is due to the oxo (=0) group, but is also influenced by the presence of alkyl substituents. Thus, initial degradation products may retain some anticholinesterase activity, but hydrolysis of otnc or more alkyl ester bonds of organophosphonic acids results in the generally nontoxic alkyl methylphosphonic acids.
As with HD, hydrolysis of VX gives rise to many degradation products, depending on the pH and temperature of the medium. (6, 27) . However, it is expected to be totally destroyed by the proposed hot alkaline hydrolysis disposal process for VX (21) . In view of the iv toxicity of EA 2192, Bausum (298) proposed that an RfD for LA 2192 be based on the interim RfD for VX of 0.0006 pg/kg/day [ Although information is limited about other VX hydrolysis products, none display the high acute toxicity of EA 2192, and most for which information is available can be characterized as having low-to-moderate acute lethality. Diisopropyl ethyl mercaptoamine, for example, has an ip I D 5 value of 5 mg/kg in the mouse in the one available study (268) (Table 14) ; the LD , for VX is 0.038 mg/kg by the same route (228) . No toxicity data were found for EMPA, but it is structurally similar to isopropyl methylphosphonic acid (IMPA) and it may be expected to have the same low-to-moderate toxicity as IMPA and MPA (Table 14) . A QSAR-based rat oral I D, value of 65 mg/kg has been estimated for EMPA (298 However, a preferred RfD valtie for MPA of 20 pg/kg/day was derived from the subchronic rat NOAEL of 279 mg/kg/day for the closely related compound IMPA (190) .
The hydrolysis product 2-diisopropylaminoethanol causes mild skini irritation and severe eye irritation in rabbits and is moderately toxic in acute animal studies by several routes of exposure (Table 14) . Another hydrolysis product, diethyl methylphosphonate, appears to have moderately low acute toxicity in mice exposed by ip injection (LD5o = 2,240 mg/kg), althougl only one value was located (Table 14) .
VX impurities stich as O.S-dialkyl alkylphosphonothioate esters have an anticholinesterase mechanism of action and high acute toxicity. The oral I D50 of 0,5-diethyl methylphosphoniothlioate for the rat is 6.0 (296) aReproductive effects were observed only with chloroform; fetotoxic, retarded development, and teratogenic in the rat 1145); sperm abnormalities in the mouse (147) ; and negative in sperm morphology assay in the mouse ( 149) .
bDiisopropylamine is a potential product of VX decontamination with supertropical bleach, resulting from reaction with the hypochlorite constituent. cChloroform is another possible product of VX decontamination with supertropical bleach.
Volume 07 Number 2 December 999 * Environmental Health Perspectives mg/kg (Table 14) . Like most impurities, this compound is present at < 1 % in ton containers. The VX stabilizer diisopropylcarbodiimide produces severe eye irritation and temporary blindness in humans (284) . There is one systemic toxicity data point for the mouse, an LD50 value of 36 mg/kg by the iv route [ Table 14 ; (283)]. This indicates acute iv toxicity about 0.0004 that of VX (228) . Diisopropylcarbodiimide is a contact allergen in humans [ Table 1 ; (290)] and a skin sensitizer in mice (292) . It was negative for carcinogenicity in 20-week prechronic studies in mice (287, 288) , although testing is not complete (Table 14) . It gave negative results in the Ames test for mutagenicity and for micronucleus induction in rats, but was positive for micronucleus induction in mice (289, 291) (Table 15) .
Diisopropylamine, found in minute amounts in ton containers of VX and also a potential product of reaction with hypochlorite, is a severe primary pulmonary irritant.
Superficial contact causes corneal degeneration and cloudy swelling in several animal species upon exposure to concentrations . 600 ppm (162) . Diisopropylamine causes vision disturbances, nausea, and headache in humans at 25-50 ppm (277, 278) . It also causes lethality by acute oral, dermal, and inhalation exposure in several species and is more toxic than isopropylamine or the closely related diethyl-and ethylamines (167) (Table 14) . Diisopropylamine produced negative or equivocal results in the Ames test for mutagenicity (Table 15 ) and was negative in inducing DNA repair (281) . It also was negative as a sensitizer in guinea pigs (281) . The TLV-TWA for this chemical is 5 ppm (-21 mg/m3) (196) . The OSHA PEL is the same (197) . A provisional RfD of 0.43 figlkg/day has been calculated (298) .
Chloroform is also a possible product of VX reaction with STB (8) . Its evaluation is presented in the "Sulfur Mustard" section (Tables 4 and 5 
GA
The chemical and physical properties of GA, or tabun, are listed in Table 1 . GA is a colorless to brownish liquid that gives off a colorless vapor. Its vapor pressure and volatility, 0.037 mmHg and 610 mg/m3 at 20°C, respectively, are the lowest of the G agents. Although water soluble (98 g/L), it is also readily soluble in organic solvents and thus easily penetrates the skin. GA enters the body mainly through the respiratory tract and its primary action is on the respiratory tract, although it also causes impaired vision via its anticholinesterase action (11) .
GA was the first nerve agent to be put into production; it was discovered by the Germans in 1937, and large-scale production and stockpiling began in 1942 (99) . In the United States, GA was produced in very small quantities as compared to GB, VX, or HD. Nonstockpile material in glass ampules (0.07 lb total material) is stored in a drum at Tooele 108-18-9) N,N-Diisopropylmethylamine (C7H17N; 10342-97-9) N,N-Diisopropylethylamine (190) and Bausum (298) .
Army Depot. Stockpiled amounts include 1.41 tons of the agent stored in two 1-ton containers and 0.64 tons of the thickened agent stored in two 1-ton containers (25) . Nonstockpiled GA may also be present at several other sites including Edgewood Arsenal, Maryland; Dugway Proving Ground; and the Virgin Islands (230, 231) . It seems reasonable to presume that the sites are potentially contaminated with GA, and its degradation products are somewhat limited in comparison to the major chemical warfare agents.
GA is seldom found in pure form; it is generally contaminated with degradation products or production by-products. D'Agostino and colleagues (301) analyzed a munitions-grade sample of GA and found that impurities accounted for 28% of the volatile organic content. The principal impurity of a munitions-grade sample was diethyl dimethylphosphoramidate (302) . Analysis of a 30-year-old sample found only 76% GA, with the impurities 0,0-diethyl N, V-dimethylphosphoramidate, 0-ethyl bis(N,N-dimethyl)phosphorodiamidate, and 0-ethyl 0-isopropyl N-dimethylphosphoramidate accounting for 12, 5, and 5% of the sample, respectively (303) . Except for triethyl phosphate and tetramethylphosphorodiamidic cyanide, which are both present at approximately 1%, all other impurities are present at < 1%. GA usually contains a thickener. Formation of degradation products. GA is more volatile than VX and will evaporate, but no data were located on concentrations or fate in the atmosphere.
GA is subject to hydrolysis (Figure 3 ). The principal pathway under neutral conditions in the environment is hydrolysis to Oethyl N,N-dimethylamido phosphoric acid and hydrogen cyanide. The initial reaction is fairly rapid; hydrolysis of 0-ethyl N,Ndimethylamido phosphoric acid to dimethyl phosphoramidate and then to phosphoric acid is much slower. Although this latter pathway predominates under neutral and basic conditions, phosphorocyanidate may also be formed from dimethyl phosphoramidate. Under acidic conditions, hydrolysis to ethylphosphoryl cyanidate and dimethylamine occurs. The final product by all pathways is phosphoric acid. Although theoretically possible, there is little likelihood of formation of a detectable amount of MPA from GA (34) .
Hydrolysis is more rapid in acidic and basic solutions than in solutions of neutral pH. The rate also increases with increasing temperature. At neutral pH and 25°C, GA persists in water for 14-28 hr (44); the halflife at 20°C and pH 7.4 is approximately 8 hr (9). However, MacNaughton and Brewer (27) list a longer half-life at pH 3 (14 hr) than at pH 5 (2.5 hr). Because of the formation of acidic products, a solution of GA approaches pH 4-5 as it hydrolyzes. The half-life in seawater at 20°C is shorter (4.5 hr) than in freshwater (9) . Hydrolysis products and contaminants are listed in Table 17 . No data were located on the fate of unique degradation products. Sanches et al. (34) reported that many of the GA phosphoruscontaining products/contaminants are likely to be degraded to phosphoric acid; other products formed may be similar to products formed from common organophosphorus chemicals. Dimethylamine and triethyl phosphate are readily biodegraded (205) . Most of the unique impurities are present in trace amounts in munitions-grade GA and thus should be of minimal environmental concern. Persistence depends on moisture and weather conditions. According to a U.S. Army manual (11), liquid GA may persist for 1-2 days under average weather conditions. CA evaporates about 20 times more slowly than water. The calculated Henry's ILaw constant ofGA, 1.52 x 10-7 atm x m3/mol, indicates slow to essentially no volatilization from water. Studies of the persistence of nerve agents performed at low temperatures (-1°C) under actual field conditions in Norway show that agents placed on snow as droplets remained as liquids on snow (42, 43) . GA was present 2 weeks after being sprayed on snow under normal Norwegian winter conditions but was not measurable after 4 weeks. GA and other nerve agents did not penetrate deeply into the snlow, and later snowfalls that covered the samples delayed evaporation.
Decontamination. No specific information was located on the decontamination of GA. Other G agents are rapidly hydrolyzed After decontamination of GA with by water, particularly under alkaline condimethanol-potassium hydroxide and extractions. Sodium hypochlorite is expected to be tion into dichloromethane, the major prodan effective decontaminant (6) . G agents do uct identified was the methanolysis product not react with chlorine dioxide and several ethyl methyl dimethylphosphoramidate other decontaminants but would react with (305) . Methyl tetramethylphosphorodiami-DS-2 (13) . date and dimethyl dimethylphosphoramidate probably resulted from methanolysis of tetramethylphosphorodiamidic cyanide. Several other GA contaminants were present in the extracts, but pyrophosphates were not observed in the dichloromethane extracts.
Acute and chronic toxicity. The G agents are, like VX, anticholinesterase organophosphate nerve agents that at sufficient concentrations can be toxic or fatal by any route of exposure. Differences in volatility and water solubility result in varied degrees of persistence and variations in the likelihood of exposure by certain routes. For example, the most volatile G agent, GB, is not likely to present a dermal exposure hazard, at least when present at the low residual concentrations expected in the environment. Of the G agents, GA (tabun) gives rise to the greatest number of degradation products (Table 17) . Acute toxicity data are available only for a limited subset of the GA degradation products (Table 18) , and chronic and other toxicity data are available for even fewer products (Table 19 ). Hydrolysis gives rise to dimethylamine, among other substances. Dimethylamine is readily absorbed orally and by inhalation in experimental animals. This chemical is moderately toxic in terms of acute lethality (Table 18 ) but causes human nose, throat, and lung irritation at 100 ppm and severe burns to the human eye and skin upon direct contact with the liquid (30X. In comparison to ammonia, dimethylamine is somewhat more locally irritating, as it is a somewhat stronger base (157. Oral exposure in animals results in marked gastric mucosal irritation and, at lethal doses, hemorrhages (306) . Dimethylamine does not appear to be mutagenic, clastogenic, or carcinogenic to rats or mice given long-term inhalation exposure (157, 307) . The OSHA PEL-TWA of 10 ppm (197) is higher than the TLV-TWA of 5 ppm (9.2 mg/m3) (196) . The ACGIH (312) Rat: inhalation, >2,050 mg/m3/6 hr, 28% respirable aerosol (312) Abbreviations: IM, intramuscular; LC50, median lethal concentration; LCLO, lowest lethal concentration; LD50, median lethal dose; LDLO, lowest lethal dose; RD50, concentration at which a 50% decrease in respiration rate was achieved.
Environmental Health Perspectives * Volume 107, Number 12, December 1999 STEL is 15 ppm (196) . Rothwell et al. (307) reported a preliminary chronic inhalation RfC for humans of 2.0 pg/m3 (1.1 ppb at 25°C and 760 mmHg).
Diethyl dimethylphosphoramidate, a GA product found in soil, also displays moderate acute lethality, as judged by the one value we located. This is an intramuscular LD50 value of 440 mg/kg in the mouse (311) (Table  18) . We found no other information on its toxicity.
The toxicity of another degradation product identified in soil, triethyl phosphate, has been well characterized. It has a low acute toxicity as reflected by LD50 and LC50 values (Table 18) . A more complete review of lethality and other toxicity information is presented in the Chemical Hazard Information Profile for triethyl phosphate (324) . Triethyl phosphate may have low cholinesteraseinhibiting activity (323, 327) , although Gumbmann and Williams (328) suggested that this may be entirely due to tetraethyl pyrophosphate contamination. Triethyl phosphate does not cause delayed neurotoxicity (329); however, it does have sedative (narcotic) properties in rats and mice (327, 330) . It is mutagenic in Drosophila but not in mammals and has given mixed results with microorganisms (324) ( Table 19) . We found no indication of carcinogenesis testing. Gumbmann et al. (323) observed reproductive toxicity at subchronic oral triethyl phosphate doses of 1% and above. Litter size and pup weight were depressed at 1 % triethyl phosphate, and 92-day treatment at doses > 1% retarded growth and development such that successful mating was not possible. Doses of 0.1 and 0.5% resulted in mild depression of pup growth. There are currently no occupational standards or recommendations for triethyl phosphate.
Although not unique to GA degradation, cyanide is a major hydrolysis product. The toxicity of cyanide has been well documented. The RfD for cyanide is 0.02 mglkg/day; an inhalation RfC has not been established (331) .
Ecotoxicity. GA is highly toxic to aquatic organisms; 20-min LC50 values for green sunfish (Lepomis cyanellus), fathead minnows (Pimephales promelas), and goldfish (Carassius auratus) are 0.7, 0.6, and 1.3 mg/L, respectively, as determined by Epstein (232) . No monitoring data were found for GA in water; unless the source of GA migration to water is continuous, the hydrolysis rate of the agent would limit its presence. No information was located on the toxicity of unique degradation products to aquatic or terrestrial organisms. Dimethylamine is moderately toxic to aquatic organisms, with 24-and 96-hr LC50 values for Daphnia magna and rainbow trout (Salmo gairdnerz) of 50 and 120 mg/L, respectively (205) . Triethyl phosphate is of low toxicity to Daphnia magna and fish, with LC50 values of > 100 mg/L (205) . No terrestrial ecotoxicity data were located for GA or for GA degradation products. GB The chemical and physical properties of GB, or sarin, are listed in Table 1 . GB is a volatile, colorless, and odorless liquid. It is the most volatile of the G agents, with a vapor pressure and volatility of 2.10 mmHg and 22,000 mg/m3, respectively, thus making it largely a vapor hazard rather than a contact hazard. It is completely miscible with water and, when tactically used on a large scale, could contaminate water sources. GB's toxic mechanism of action, cholinesterase inhibition, is the same as that of VX and the other G agents (11) .
The Rocky Mountain Arsenal was the only site of GB manufacture in the United States; production took place from 1953 to 1957 (332) . A Department of Defense inventory of stockpiled material lists GB as being present in projectiles, rockets, and bombs at several U.S. Army depots (25) . GB is present at approximately 10 nonstockpile military sites in the United States (230, 231) .
Because GB is unstable in the long term, the stabilizers N,N'-diisopropyl carbodiimide and/or tributylamine are added to weapons-grade GB (13, 333) . U.S. Army specifications cited by Rosenblatt et al. (13) state that N,N'-diisopropyl carbodiimide in 1.5% excess is required, and GB must be at least 93% pure, with 0.5% methylphosphonic difluoride as an acceptable component. Diisopropyl methylphosphonate (DIMP) is a by-product or residue of GB manufacture. It is usually present at 2-3% in isopropyl methylphosphonate waste and is present in sampling wells both on and off the Rocky Mountain Arsenal (13, 334) . In 1974, concentrations of 0.5 pg/L (the limit of detection) to 44,000 pg/L were found in the groundwater near the arsenal (332) .
Formation of degradation products. GB is considered nonpersistent, as it is volatile, soluble in water, and subject to acidic and basic hydrolysis. The evaporation rate is the same as that of water (13). Small (8) used a surface deposition model to calculate a volatilization half-life of 7.7 hr for GB. No information on fate in the atmosphere was located, although Kingery and Allen (28) stated that nerve agents can be degraded by photolysis and/or radical oxidation. The low calculated Henry's Law constant of 5.4 x 10-7 atm/m3/mol, based on its high water solubility, indicates slow to essentially no volatilization from water. The hydrolysis rate of GB in water is temperature, pH, and water quality dependent (9, 28, 44, 335) . As indicated in Table 20 , breakdown of GB results in only a few degradation products; according to Rosenblatt et al. (13) , these are relatively nontoxic. Hydrolytic half-lives are shorter in acidic and basic solutions than at a neutral pH. At 20°C and the pH of natural waters where the halflife is a minimum, estimates of the half-life range from 461 hr (pH 6.5) to 46 hr (pH 7.5) (9). At 25°C, the half-life ranges from 237 hr (pH 6.5) to 24 hr (pH 7.5). A half-life of 8,300 hr at 0°C and pH 6.5 indicates some persistence at low temperatures. The hydrolysis products are acids (Table 20) , and their presence increases the rate of hydrolysis (13) . The rate of hydrolysis under natural conditions is accelerated by the presence of ions in solution. Metal cations such as copper and manganese in seawater also increase the rate ofhydrolysis (335) .
GB hydrolyzes first through the loss of fluoride, producing IMPA and hydrofluoric acid, and second, more slowly through the loss of the isopropanol to produce MPA (13, 27, 28) . The same products are produced under acidic conditions ( Figure 4 ). According to Clark (9) , alkaline hydrolysis would result in isopropanol, methylfluorophosphonic acid and, with the loss of fluoride, MPA. This pathway has not been confirmed in other studies.
The fate of GB in soil indudes hydrolysis, evaporation, and leaching; the phosphonic acid hydrolysis products are subject to biodegradation. Small (8) reviewed studies of the stability of GB in soil and concluded that 2 90% of GB added to soil is lost in the first 5 days. GB is more persistent at low temperatures (34, 43) . Droplets of GB deposited on the snow surface under actual field conditions in Norway were removed by a combination of evaporation and hydrolysis (42, 43) . Within 5 hr, approximately 55% was removed by evaporation and 15% was removed by hydrolysis. Newly fallen snow protected droplets from evaporation; GB was still present 2 and 4 weeks after being sprayed on the snow. The hydrolysis product IMPA and several impurities such as DIMP were present up to 4 weeks later (42, 43) . After application of 10 mg GB over a 10 x 10 m area of moss (temperature 2.5-8°C, humidity 60-100%, wind speed 1-10 m/sec), detectable concentrations [2 1 pg/dm3 (2 1 ng/m3)] were found in the air for 9 days (34). Small (8) pointed out that GB degradation products sorb to soil depending on the soluble organic carbon content of the soil.
Although no direct information is available on biodegradation of the nerve agents in soil, enzymes capable of hydrolyzing organophosphorus esters, including some nerve agents, have been isolated from bacteria (29) . However, the toxicity of these agents probably precludes direct biodegradation. All (260) indicate that IMPA will be in the ionized state in water. IMPA is a known contaminant of groundwater in the Rocky Mountain Arsenal area and has been detected in both soils and water at five U.S. Army installations (28) . The fate of MPA in the environment was discussed in the section on VX. As noted, MPA is stable in the environment and leaches through soils.
IMPA is relatively resistant to bacterial degradation. However, some strains such as Pseudomonas testosteroni are capable of metabolizing IMPA and MPA (8, 336) . Several strains of bacteria isolated from sewage samples, including P. testosteroni, were capable of using MPA as a phosphorus source but not as a carbon source (8) . P. testosteroni was also capable of metabolizing IMPA (via cleavage of the C-P bond) to methane and an inorganic phosphorus compound (336) .
Because of its low volatility, DIMP is not likely to be found in the air above contaminated areas; also, volatilization from water should be insignificant (337) . DIMP is miscible with water (338) and was stable for months when added to water; there was no significant loss of DIMP from the water column to the atmosphere (339) . DIMP in distilled water was stable during a 232-hr period of irradiation with a mercury lamp (340) . However, Bentley et al. (341) reported that DIMP solutions allowed to age for 96 hr before testing were 50% less toxic to fish, indicating degradation. A log K1W of 0.478 (342) indicates little potential to bioconcentrate in organisms. As previously noted, DIMP is a groundwater contaminant in the area of manufacture at the Rocky Mountain Arsenal (332) . Its release to groundwater at this site represents the largest known release of any CW agent-related compound to the environment; it is expected that other findings of CW contamination within the United States would be small by comparison.
DIMP in soil biodegrades slowly. When radiolabeled DIMP was applied to soil, 13 .4% evolved as 14C02 after 34 weeks (340) . In another study, 6 .0 and 6.4% of DIMP evolved as 14C02 from previously contaminated and uncontaminated soils obtained from the Rocky Mountain Arsenal (343) . Most of the activity recovered from the soil was in the form of the parent compound. The concentration of DIMP in five soil samples from the Rocky Mountain Arsenal ranged from < 0.05 to 0.24 mg/kg (343) . The half-life of DIMP on the soil surface after airborne deposition was between 26 and 28 days (339) . For foliar surfaces, the half-life was calculated at 3.6-4.2 days.
Environmental Health Perspectives * Volume 107, Number 12, December 1999 Results of soil lysimeter studies indicate that DIMP moves through soil with irrigation water, whereas most of the compound is retained in dry soils (344) . Radioactive DIMP at a concentration of 20 ppm was mixed with columnns containing dry or wet soil. Air was passed across the surface for extended periods. At the end of 250 hr, the dry soil had retained over 95% of its radioactivity and the moist soil columns retained 78% of the initial radioactivity, indicating little evaporation. A pK, for DIMP was not found.
Few data were located on other degradation products or stabilizers. Methylphosphonic difluoride rapidly hydrolyzes to MPA and hydrogen fluoride (13) . The vapor pressure of methylphosphonic difluoride at 19.5°C is 27 mmHg and the specific gravity is 1.36 (345) . Hydrolysis of diisopropyl carbodiimide produces N,N'-diisopropylurea. Tributylamine is resistant to hydrolysis and is not expected to volatilize ( 13) .
Decontamination. Because of its rapid evaporation, large-scale decontamination for GB is uLnniecessary (234) . Decontamination of GB with aqueous acidic or alkaline solutions results in hydrolysis to the same products discussed previously, but at a much more rapid rate (13, 346) . For (347) . In hypochlorite solutions, which are fairly alkaline, GB would be hydrolyzed with a half-life of < 1 sec (13).
The half-life for GB with DS-2 is < 30 sec.
Reaction with DS-2 or STB produces IMPA and fluoride iOI (8) . Detoxification by Fichlor is predicted to be slow (29) . G-agents do not react with chlorine dioxide aind several other deconitaminants (13) .
Alkyl methylphosphonic acids such as IMPA are extremely resistant to basic hydrolysis but are slowly hydrolyzed under acid conditions and elevated temperatures to MPA (28) . IMPA and MPA can be oxidized to phosphoric acid, carbon dioxide, and water in the presence of hydrogen peroxide, oxygen, and UV light (265) . Mill and Gould (265) found no intermediates in the oxidation of MPA, but acetone, acetic acid, and MPA were formed in the oxidation of IMPA. (Table 15 ). IMPA also forms in the course of GB decontamination using either STB or DS-2 solutions. IMPA possesses low oral toxicity in rats and mice (348) (Table  21 ). Mecler (349) reported that it produced only mild skin irritation and no eye irritation in rabbits. The author also determined that IMPA did not induce delayed hypersensitization in guinea pigs (349) (Table 22 ). In subchronic (90-day) toxicity tests of IMPA in drinking water of rats, no adverse effects were observed on any of a variety of end points at any dose tested; the highest actual intakes were 293 and 406 mg/kg/day in males and females, respectively (349) . The target doses were 300, 1,000, and 3,000 ppm; water intake was measured and average IMPA intakes were 31, 119, and 350 mg/kg/day for male and females combined [calculated from Mecler (349) ]. Similarly, mutagenicity testing with and without metabolic activation in Salmonella typhimurium gave negative results (349) . No indication of carcinogenicity testing or testing for reproductive effects appeared in the literature searches. Confidence in the low toxicity of IMPA further derives from studies of DIMP, which is > 90% metabolized to IMPA within 24 hr in mammalian species and has demonstrated low acute and negligible chronic and reproductive toxicity (337, 363) .
The U.S. EPA has calculated an oral RfD for IMPA of 0.1 mg/kg/day based on the male rat NOAEL of 3,000 ppm (exposure via drinking water) and an uncertainty factor of 3,000 (369, 370) . From the oral RfD, the U.S EPA derived an adult lifetime drinking water health advisory value of 0.7 mg/L (369,371). There is no standard for occupational exposure.
The GB contaminant DIMP is fairly stable in the environment and has been detected in the soil, surface water, and groundwater at the Rocky Mountain Arsenal (337) . Data on its toxicity are available for a (374, 375) . No occupational standards or guidelines have been identified for DIMP
The vapor of the GB precursor and contaminant methylphosphonic difluoride is extremely irritating to eyes, nasal passages, and airways (345) . Whole-body inhalation studies in rats, mice, dogs, and monkeys indicated lethality about 150-1,100 times less than that of GB (345) (Table 21 ). Rats were the least susceptible and mice the most susceptible; dogs and monkeys were almost as sensitive as mice to the toxic effects of methylphosphonic difluoride. Dahl et al. (352) reported that guinea pigs were more sensitive to this substance than rats. Animals exposed to methylphosphonic difluoride exhibit signs consistent with anticholinesterase activity; these signs include gasping, muscle weakness, and ataxia in mice; gasping in a few rats; gasping, salivation, and miosis in dogs; and gasping, salivation, rhinorrhea, and miosis in monkeys (345). Dahl et al. (352) stated that methylphosphonic difluoride hydrolyzes rapidly under physiologic conditions to hydrogen fluoride and methylphosphonofluoride acid (MF); the latter hydrolyzes to MPA (13) . The oral toxicity of a mixture of methylphosphonic difluoride hydrolysis products in rats was similar to that of the fluoride ion (LD5() _ 100 mg/kg), whereas the toxicity of MF alone was not as great (LD 0 -300 mg/kg); the associated symptoms of MF intoxication were quite different from those produced by the fluoride ion (352) . The fact that the toxicity of the hydrolysis product mixture was essentially the same as that of the fluoride ion is further evidence for the lack of MPA toxicity. Genotoxicity and chronic toxicity data are lacking for rnethylphosphonic difluoride. There are no environimental guidelines or occupational standards or recommendations for this compound.
Either of two stabilizers were added to GB, diisopropylcarbodiimide or tributvlamine. The former was also used with VX; thus, diisopropylcarbodiimide and its degradation products are discussed in the section on VX (Tables 15 and 16 ). Tributylamine is moderately toxic by acute oral exposure (Table 21 ). Only one data point is available for dermal toxicity. Little is known about the chronic toxicity of tributylamine; it tested negative for mutagenicity in Salmonella (222) ( Table 22 ). Species-specific comparisons of oral LD50 data show tributylamine to be about 0.2-0.4% as lethal as GB (228) . It is about 13% as toxic as GB to the rabbit by dermal exposure [calculated from U.S. Army GB data (228) ]. Tributylamine causes eye, skin, and respiratory irritation in humans (356) as well as CNS stimulation and skin sensitization (14) . No environmental guidelines or occupatiotnal standards or recommendations for tributylamine were located. Degradation products associated with decontamination of tributylamine differ depending on the decontaminant used. Tributylamine does not react in the presence of DS-2; with STB, it produces dibutylchloramine and n-butanoic acid (8) . No biologic data were found for dibutylchloramine.
ii-Butanoic acid is a severe irritant for human eyes, skin, and respiratory tract (358, 359) (Table 21 ). It is also corrosive (376) . n-Butanoic acid can cause mild-tosevere skin or eye irritation in rabbits depending on the dosage and mode of exposure (70, 360) . This organic acid has low oral toxicity in rats and moderate toxicity in rabbits following dermal exposure. In hunmanis, an estimated LDL O for dermal exposure is 1% for 48 hr (357) . ni-Butanoic acid has shown no activity as a promoter of carcinogenesis (364); it did not induce mutations in the Ames test or chromosome aberrations in vitro (319) (Table 22 ). However, it did induce a 3-to 4-fold increase in SCE and reversible inhibition of cell proliferation and differentiation in Chinese hamster lung cells (366) . n-Butanoic acid inhibits DNA synthesis in human HeLa cells (367) and human lymphocytes (368) . Dawson (365) showed that it induced developmental defects in frog (Xenopus sp.) embryos. It should be noted that n-butanoic acid is a natural ingredient of foods (14) . Aquatic toxicity data are available for only two degradation products, MPA and DIMP. The data for MPA (273) were discussed in the section on VX.
The toxicity of DIMP to several wildlife species was studied by Aulerich et al. (334) . LD50 values for adult mallard ducks, bobwhite quail, and mink were 1,490, 1,000, and 503 mg/kg, respectively. The mink study (334) (11) . Thickeners such as methyl methacrylate are added to GD to increase persistence (27) .
Little information was located on the production and storage of GD. Although it was a significant part of the former Soviet Union's chemical arsenal and large quantities were produced there during the cold war, GD is not part of the U.S. unitary stockpile; it is likely that only research quantities are available in the United States.
Survey and analyses reports of nonstockpile materiel sites indicate that GD might be present at Dugway Proving Ground (230, 231 ). Formation ofdegradation products. GD is less volatile than GB, evaporating at onefourth the rate of water (13) . The added thickeners retard evaporation. The vapor pressure and volatility at 25°C are 0.40 mmHg and 3,900 mg/m3, respectively (11) .
Assuming that its structure is similar to that of GB and using a surface deposition model, GD is expected to volatilize with a half-life of , 7.7 hr (8). Volatilization rates calculated using a bulk soil model were three orders of magnitude slower than those obtained using the surface deposition model. A calculated Henry's Law constant of 4.6 x 10-7 indicates that some volatilization from water may occur.
Like the other G agents, GD is subject to hydrolysis, but the rate of hydrolysis is slow under neutral conditions (29) . GD hydrolyzes first through the loss of fluoride, and second, more slowly through the loss of the alkoxy group. Thus, the primary hydrolysis product is pinacolyl methylphosphonic acid, which slowly hydrolyzes, with the release of pinacolyl alcohol, to MPA ( Figure 5 ) (9, 27, 28) . Qualitatively, the hydrolysis of GD is similar to that of GA; however, the reaction rate is five times slower than that of GA, and GD has an estimated half-life of approximately 60 hr at pH 6 and 25°C (377) . The reaction is both acid and base catalyzed, resulting in a hydrolysis curve similar to that of GA (9) . At a pH > 10, hydrolysis to pinacolyl methylphosphonic acid occurs within a few minutes (29) . Because an acid is produced, the pH decreases, lessening the rate of hydrolysis. However, this effect is small in the environment and in the normal case of decontamination in which excess decontaminant is added. GD stored at pH 6 for 8 weeks had a pinacolyl methylphosphonic acid/MPA ratio of 250 (377) , which Kingery and Allen (28) extrapolated to a half-life of 27 years. The C-P bond is very resistant to hydrolysis. Hydrolysis products and impurities are listed in Table 23 .
No data were found on the fate of pina- (28) demonstrate the difficulty of dealkylation of alkyl methylphosphonates in water and the stability of the C-P bond.
Acute and chronic mammalian toxicity. Hydrolysis products of GD include pinacolyl methylphosphonic acid and MPA. No biologic data were located for pinacolyl methylphosphonic acid or the impurity dipinacolyl methylphosphonate. Toxicologic information for MPA was discussed above in the "VX" section (Table 15 ).
Methyl methacrylate is used as a thickener for GD. This substance is an eye, skin, and mucous membrane irritant in humans (157) and animals (378, 379) (Table 24) . It also causes allergic contact dermatitis in humans (157) and hypersensitization in guinea pigs (383) . Occupational exposures have resulted in complaints of headache, fatigue, sleep disturbance, irritability, loss of memory, and pain in the extremities (157) . Animal studies have shown that methyl methacrylate can cause CNS depression, hypotension, liver and kidney toxicity, and respiratory arrest (157, 379) . Methyl methacrylate in surgical bone cement has caused episodes in humans of hypotension followed by cardiac arrest and at least one fatality (157) .
Methyl methacrylate has produced mixed results in genotoxicity assays (Table 25 (391) . Two-year inhalation studies in rats and mice gave no evidence of carcinogenicity (384) . A 2-year drinking water study in rats was also negative for carcinogenicity (388) ; however, local tumors may be formed at the site of methyl methacrylate implants; the International Agency for Research on Cancer considers methyl methacrylate not classifiable with regard to human carcinogenicity (157) . Methyl methacrylate appears not to be teratogenic but has shown embryoand fetotoxicity on maternal inhalation exposure (157, 386) .
The OSHA PEL and ACGIH TLV-TWA for methyl methacrylate are both 100 ppm (410 mg/m3) (196, 197) . A chronic RfD of 0.08 mglkg/day has been calculated, based on a NOEL of 7.5 mg/kg/day during a 24-month oral exposure of rats and the end point of increased relative kidney weight (388) together with an uncertainty factor of 100 (397) .
Ecotoxicity. No data were located on the ecotoxicity of GD.
Cyanogen Chloride (CK) CK (ClCN), a halogenated cyanide, is a colorless, highly volatile liquid that is highly irritating to the eyes and mucous membranes. Because of its volatility, it is considered a nonpersistent agent (11) . CK and cyanide became the Allies' standard nonpersistent lethal agents early in World War 11 (99) . This agent is not part of the U.S. CW stockpile but was used as training material at several sites in the United States; the continued presence of CK at these sites has not been verified (230, 231) . Without the addition of a stabilizer, CK may undergo polymerization to cyanuric chloride, which is corrosive and may explode (15) . Chemical and physical properties of CK are listed in Table 1 . Formation of degradation products. At ambient temperature (25°C), CK is an extremely volatile liquid with a vapor pressure of 1,000 mmHg (11) . No data were located on its fate in the atmosphere.
Because of its extreme volatility and relatively rapid rate of hydrolysis in water, CK is not expected to persist in surface waters. Hydrolysis half-lives range from 1 min at 45°C to 10 hr at 5°C (398 (402) . CK is also formed by chlorine acting on cyanide ion or hydrocyanic acid in dilute aqueous solution (9) . Disinfection of drinking water by chlorination results in the formation of chlorinated by-products including CK (403) (404) (405) .
No data were located on the fate of CK in soil; however, its fate in soil would probably be similar to that in water, i.e., volatilization and hydrolysis.
Decontamination. No specific information was located on decontamination. CK is extremely volatile and undergoes rapid hydrolysis, which is accelerated if solutions are heated.
Acute and chronic mammalian toxicity. CK is highly toxic as a gas or liquid; it is converted in the body to hydrocyanic acid (HCN) and then detoxified to thiocyanate (401) . The toxic effects of CK closely parallel those of cyanide (CN-), producing respiratory failure by several means and blocking cellular energy metabolism (167, 240, 401) .
Cyanic acid, the primary hydrolysis product of CK, is toxic by the oral, ip, and intramuscular routes. Its lethality is evidenced by data for its sodium salt, CNO-Na, which includes a mouse oral LDLo value of 4 mg/kg (240) and a rat oral LD50 value of 1,500 mg/kg (406) . Intramuscufarly, the rat LD50 value is 310 mg/kg (240) , whereas the mouse ip LD value is similar, 260 mg/kg (406), again for the sodium salt of cyanic acid. No toxicity test data were found for cyanic acid. Cyanic acid is a vesicant and strong lacrimator, causing severe irritation to the eyes, skin, mucous membranes, and respiratory tract (14) . According to Lewis (240) (408) . No information was located on the toxicity ofcyanic acid.
Conclusions
We examined sources of information such as field and laboratory studies as well as reports on analyses of storage containers at burial or unitary stockpile sites in this review to determine the presence of degradation products, contaminants, and impurities of CW agents. For completeness, we included all identified organic compounds unless they were common and already well understood toxicologically. Few or no data on degradation pathways, mammalian toxicity, or ecotoxicity are available for many of the rather obscure CW degradation products. Of those substances for which both toxicity and environmental fate data are available, it is clear that very few of the degradation products are both environmentally persistent and highly toxic. Compared with most hazardous environmental contaminants, the CW agents show a unique propensity to hydrolyze. The nerve agents are so hydrolytically labile that they are predicted to persist in the environment for no more than a few days. Such susceptibility by the parent agents and their more toxic intermediate degradation products minimizes the likelihood of groundwater contamination, given the nature of the leaching and percolation processes involved in movement through soil to groundwater. Of those degradation products known to exhibit significant environmental persistence, most are minimally to moderately toxic.
The CW degradation products of primary interest include TDG for HD; Lewisite oxide for Lewisite; and EA 2192, EMPA, (393) end points (384, 391, 394) Mouse: inhalation, zonal hepatocellular SCE: positive; hamster ovary (384) necrosis, olfactory sensory epithelium Mouse: negative, RDS test (166) degeneration, nasal cavity inflammation, epithelial hyperplasia (384) Abbreviations: RDS, replicative DNA synthesis; SCE, sister chromatid exchange.
and MPA for VX. MPA is also a product of both GB and GD degradation. The GB contaminant, DIMP, is also of interest because of its environmental persistence, whereas the dosely related IMPA is a hydrolysis product of GB that slowly hydrolyzes further to MPA. Of these degradation products, only Lewisite oxide and EA 2192 possess high mammalian toxicity. The information on these and other toxic or persistent degradation products of possible concern is summarized in the following discission and in Table 26 , grouped by parent CW agent. We do not consider the contaminants/degradation products present at < 0.1% in ton containers of HD or VX to be of environmental concern because amounts are so small. Furthermore, these trace compounds have not been identified following pilot studies of agent neutralization, indicating their probable destruction.
Sulfur mustard (HD). For HD dispersed in the environment, TDG and 1,4-oxathiane are the primary hydrolysis end products. For bulk mustard in the environment, the sulfonium ion aggregates such as mustard-TDG and hemimustard-TDG are of some importance. The most persistent degradation product of HD, and therefore the substance of primary interest, is TDG. Several additional persistent products are also discussed.
TDG is the main hydrolysis product of HD prior to mineralization; it does not undergo further hydrolysis but is susceptible to microbial degradation, the latter being the basis for the final phase of the disposal technology for HD stored in bulk. TDG is of low acute and chronic toxicity to mammals (Tables 4 and 5 ) and aquatic organisms. Additionally, it is not a product unique to HD degradation, as it is used as a solvent in printing and in antifreeze solutions.
Sulfonium ion aggregates (mustard and hemimustard-TDG aggregates) may be persistent in the environment and retain their vesicant properties, but according to available information, they are generally of low oral toxicity to mammalian species (Table  4) . However, the H-TDG aggregate has considerable toxicity when applied dermally. The HD-2TDG aggregate was almost nontoxic to aquatic organisms.
Mustard sulfoxide, mustard sulfone, and divinyl sulfone are oxidation products and so may be formed in the environment to a lesser degree than hydrolysis products. They are relevant when considering decontamination. The sulfoxide is extremely stable to hydrolysis but is considered only slightly toxic (Table 4) . Mustard sulfone retains vesicant properties and is approximately 0.1 times as toxic as distilled mustard by iv and sc routes and half as toxic by inhalation. Divinyl 9Disappearance from soil may be due to a combination of hydrolysis and biodegradation.
Volume 107, Number 12, December 1999 * Environmental Health Perspectives sulfone is a vesicant and is highly toxic by the oral route. Some sources characterized mustard sulfoxide and mustard sulfone as highly toxic but lacked data for environmentally relevant routes of exposure. These compounds are moderately water soluble, which may limit their environmental persistence. Literature searches located no environmental toxicity data for these compounds. 1,4-Dithiane and 1,4-oxathiane are often referred to as thermal degradation products but are present as impurities in ton containers of mustard; 1,4-oxathiane is also a hydrolytic degradation product. Both products are groundwater contaminants in the Rocky Mountain Arsenal area, indicating environmental persistence. Both are of low acute toxicity to mammalian species (Table  4) . Additionally, subchronic administration of 1,4-dithiane to rats at doses up to 420 mg/kg/day produced no overt toxicity (Table 5) . No environmental toxicity data were located.
Other impurities of HD include 1,2-bis(2-chloroethylthio)ethane and 1,8-dichloro-3-oxa-6-thiaoctane. Impurities are usually present in very small amounts. Human and laboratory animal data indicated moderate-to-high toxicity for 1,2-bis(2-chloroethylthio)ethane by the inhalation route (Table 4 ). There are probably other impurities such as isomers of HD that are highly vesicant, but these would be present in very small amounts (< 1%).
Nitrogen mustards. The nitrogen mustards were manufactured in limited quantities; they were never stocked as a significant part of the U.S. CW inventory and thus are of limited environmental concern. The nitrogen mustards are fairly persistent: HN1 and HN2 are moderately persistent and HN3 is quite persistent, although the latter slowly degrades to triethanolamine. The main degradation process is expected to be hydrolysis. Inhalation exposures are not a concern because all three agents have low vapor pressures. Although the intermediate hydrolysis products are of moderate-to-high toxicity and irritancy to mammals (Table 7) , the later hydrolysis products such as diethanolamine and triethanolamine are generally of low acute toxicity to mammals and aquatic organisms.
Lewisite. Lewisite was also produced in limited quantities. It is stored in bulk at only one site, with smaller amounts possibly present at several other sites. Lewisite gives rise to two hydrolysis products, one of which (Lewisite oxide) is a highly toxic vesicant (Table 11) . No toxicity data are available for the other Lewisite hydrolysis product 2-chlorovinyl arsonous acid, but this compound retains most of the Lewisite structure. In solution, Lewisite yields 100% 2-chlorovinyl arsonous acid, but the insoluble Lewisite oxide is formed after drying. In soil, Lewisite oxide can be converted to 2-chlorovinyl arsonic acid, which is moderately acutely toxic to rats by the oral route. These organic arsenicals are not likely to exhibit carcinogenicity themselves, but in the course of complete mineralization they form various inorganic arsenic compounds that are potentially carcinogenic and are of possible concern with regard to worker safety. The U.S. EPA has set oral and inhalation slope factors for inorganic arsenic. However, the small quantity of Lewisite produced makes its degradation products of limited environmental concern.
VX. Agent VX forms a variety of degradation products, one of which retains significant toxicity, whereas several others, including MPA, have low-to-negligible toxicity. The most persistent products in weathered soil samples are EA 4196 and MPA. The most toxic is EA 2192.
Several literature sources indicated that EA 4196 is environmentally stable and tightly bound to soil, but gave no specific characterization data (254, 259) . Environmental monitoring data were not located, but it would be of interest to know whether this substance has been identified in soil or water at contaminated sites. Mammalian and ecotoxicity data were also unavailable.
The intermediate VX hydrolysis product EA 2192 may be stable in water under certain pH conditions but is degraded as rapidly as VX in soil. According to limited data, it is a highly toxic anticholinesterase agent depending on the route of exposure (Table  14) . EA 2192 is only slightly less toxic than VX by the iv route but is 0.1-0.2 times as toxic as VX orally. It does not penetrate the skin when applied in a water or alcohol solution, and its volatility is thought to be too low to pose an inhalation hazard. No ecotoxicity data were located for this compound. It is unclear whether EA 2192 is sufficiently persistent to be of concern.
MPA is an ultimate hydrolysis product for VX, GB, and GD. It is environmentally persistent and was detected for up to 10 years following contamination of the dry soil at Dugway Proving Ground. MPA has low toxicity to both mammals and aquatic organisms.
EMPA may be persistent in the environment under some conditions, as hydrolysis to MPA has not been shown in a laboratory setting. However, hydrolysis to MPA in soil does occur. Experimental toxicity data are not available for EMPA. Because the structure of EMPA is similar to that of IMPA, which exhibits low mammalian toxicity, EMPA is predicted to exhibit low mammalian toxicity. GA. This agent was produced in very limited quantities and is presently stored only at Tooele Army Depot. The production process results in numerous contaminants and impurities. The initial hydrolysis products ethylphosphoryl cyanidate and ethyl N,N-dimethylamido phosphoric acid probably retain some toxic properties. However, searches located no data on unique degradation products or GA contaminants and impurities. Toxicity data were located for dimethylamine and triethyl phosphate (Tables 18 and 19) ; however, these compounds are not unique to GA degradation. The small quantity of GA produced, distributed, and stored makes this compound of limited environmental concern.
GB. Agent GB is essentially nonpersistent, as it is volatile, water soluble, and subject to both acidic and basic hydrolysis. The degradation products are considered nontoxic. The primary hydrolysis product IMPA, although environmentally persistent, is of low acute oral toxicity in rats and mice (> 5,000 mg/kg) ( Table 21 ). IMPA slowly hydrolyzes to MPA, which is persistent in the environment but is essentially nontoxic to mammalian and aquatic organisms. The U.S. EPA has derived an RfD of 0.1 mglkg/day for IMPA.
An impurity of GB, DIMP, has raised concern because it is environmentally persistent and has been found in groundwater at Rocky Mountain Arsenal. Mammals rapidly metabolize DIMP to IMPA; DIMP has demonstrated low acute (Table 21 ) and negligible chronic (Table 22 ) toxicity in several mammalian species. It is also of low toxicity to mammalian wildlife and aquatic organisms. Controversy over drinking water standards for DIMP and thus its cleanup criteria has arisen because of deaths in a reproductive toxicity screening study with mink (334) . The deaths were probably due to nursing or stress syndrome, a syndrome thought to be unique to mink. These deaths appear to have been misattributed to DIMP toxicity by some, but the state of Colorado has based its groundwater and surface water standards on the LOAEL from this study.
The U.S. EPA based its less conservative drinking water criteria instead on an oral subchronic DIMP study in dogs.
Methylphosphonic difluoride, a precursor and contaminant of GB that has irritant and anticholinesterase properties (Table 21) , rapidly hydrolyzes in water to MPA and hydrogen fluoride. GD. Agent GD is not part of the U.S. chemical inventory and so may be of limited environmental concern. However, experimental quantities exist in the United States, and GD was the primary G agent manufactured by the former Soviet Union. No information was located on the primary hydrolysis product pinacolyl methylphosphonic acid, but its structure is similar to that of IMPA, Environmental Health Perspectives * Volume 107, Number 12, which exhibits low mammalian toxicity, and it also slowly hydrolyzes to MPA.
Cyanogen chlori&. CK hydrolyzes rapidly under alkaline conditions to HCI and cyanic acid, which is highly toxic by all routes of exposure. Cyanic acid and HCl slowly form CO2 and ammonium chloride in an aqueous environment.
Summary
We reviewed the degradation of three types of vesicant CW agents, the sulfur mustards, nitrogen mustards, and Lewisite. Because of its persistence, the major hazard in HD-contaminated sites is probably HD itself. Sulfonium ion aggregates formed during hydrolysis may be persistent and may retain vesicant properties. Decontamination gives rise to two toxic oxidative dechlorination products, mustard sulfone and divinyl sulfone. The final hydrolysis product, TDG, may be persistent but exhibits low toxicity. Similarly, HN agents themselves are both highly toxic vesicant agents and are relatively persistent, and their initial hydrolysis products are also of high toxicity. Diethanolamine and triethanolamine are only slightly toxic.
Under varying moisture, Lewisite gives rise to two toxic hydrolysis products, 2-chlorovinyl arsonous acid and Lewisite oxide. Almost no mammalian toxicity data are available for these two hydrolysis products or for the Lewisite oxidation product 2-chlorovinyl arsonic acid.
The nerve agents indude the V agent VX as well as three G agents. VX gives rise to two hydrolysis products of possible concern: EA 4196, which is persistent, and EA 2192, which is highly toxic and is possibly persistent under certain limited conditions. The alkyl methylphosphonic acids, hydrolysis products of the G agents, although environmentally persistent, do not appear to present significant hazards from the standpoint of toxicity.
The blood agent CK is extremely volatile and undergoes rapid hydrolysis. Thus, environmental persistence should not be a concern. The primary degradation products, cyanic acid and HCR, should be mineralized under environmental conditions. Like GA, GD, and Lewisite, however, CK is not a major part of the United States CW inventory.
